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ABSTRACT 
 
VISIBLE LIGHT-ACTIVE NON-METAL DOPED TITANIUM DIOXIDE 
MATERIALS FOR PHOTOCATALYTIC OXIDATION  
PELİN ALTAY 
M.S. in Chemistry 
Supervisor: Asst. Prof. Dr. Emrah Özensoy 
August, 2014 
 
One of the most important technologies for a better human life is 
environmental purification which has drawn attention and gained importance over 
the past years. Titanium dioxide has been the apple of the eye of both air and water 
purification systems for its strong ability of oxidation, low cost, nontoxicity, 
inertness and availability. However, being a wide band gap semiconductor, titanium 
dioxide can mostly absorb UV photons (nm) in the sun light, which is only 
about 3% of the total solar radiation. In this regard, sensitizing titanium dioxide 
based materials capable of visible light absorption via doping methods is a 
challenging but yet a rewarding effort. 
In the current work, a variety of doping protocols have been employed in 
conjunction with  sol-gel titanium dioxide synthesis protocols in an attempt to 
prepare visible-active photocatalytic powders. This study has been a preliminary 
work to propose a simple sol-gel synthesis route for the preparation of visible-active 
titanium dioxide in order to combine with previously studied UV active titanium 
dioxide powders to create tandem systems that will harvest both visible and UV light 
for water and air purification. Along these lines, two different sets of samples were 
prepared and investigated.  
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The first set of samples was prepared by a sol-gel route with the addition of 
non-metallic compounds of Ti which are TiN, TiC and TiS2. Non-metal atom to 
titanium mol ratio was kept at 0.1:1 and the syntesized powders were characterized 
by XRD, Raman Spectroscopy, BET, UV-VIS Diffuse Reflectance Spectroscopy in 
order to investigate the effect of calcination temperature, surface area and band gap 
on photocatalytic activity. Besides, these commercial TiN, TiC and TiS2 powders that 
were used as dopants, were also annealed in open air to prepare partially oxidized 
titanium materials. 
Secondly, inexpensive sources of non-metal compounds such as boric acid, 
diethanolamine (DEA), triethylamine (TEA), thiourea, urea and cyclohexanol were 
added in an alternative sol gel synthesis route. Dopant compound to titanium dioxide 
mol ratio was also kept at 0.5:1. Structural and electronic characterization of this 
family of materials were also carried out in addition to photocatalytic activity tests.  
Photocatalytic activity measurements were done in liquid phase via the 
degradation of an organic contaminant, Rhodamine B, in a custom-designed VIS-
illuminated photocatalytic reaction cells. Photocatalytic performance of  all samples 
were compared with that of a commercially available Degussa P25 TiO2 benchmark 
catalyst. Photocatalytic preformance tests revealed improved photocatalytic activity 
for non-metal compound added titanium dioxide compared to unmodified titanium 
dioxide prepared with the same method. Also, several samples presented even higher 
photocatalytic activity compared to Degussa P25. Characterization experiments 
showed hinderance in anatase to rutile transformation due to foreign atoms. It was 
also observed that although a small band gap is important for the photocatalytic 
activity, there are other critical parameters such as particle size, surface area, 
crystallinity, active facets, oxygen vacancies which have to be fine tuned for 
photocatalytic performance optimization. 
Keywords: TiO2, Heterogeneous Bulk Doping, Sol-Gel, Non-Metal Compounds, 
VIS light, Photocatalytic Oxidation  
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ÖZET 
 
FOTOKATALİTİK YÜKSELTGEME SÜREÇLERİ İÇİN                
GÖRÜNÜR IŞIKLA AKTİFLEŞEN,  AMETAL BİLEŞİKLERİ İLE 
KATKILANDIRILMIŞ TİTANYUM DİOKSİT MALZEMELERİ  
 
PELİN ALTAY 
Kimya Yüksek Lisans Tezi 
Danışman: Y. Doç. Dr. Emrah Özensoy 
Ağustos, 2014 
 
Daha iyi bir insan hayatı için en önemli teknolojilerden biri çevre kirliliğinin 
engellenmesidir. Titanyum dioksit, güçlü oksidasyon yetkinliği, düşük maliyeti, 
zehirsiz olması, yüksek yapısal kararlılığı ve kolay erişilebilmesi gibi özelliklerinden 
dolayı hava ve su arıtma sistemlerinin göz bebeği haline gelmiştir. Ancak, geniş 
elektronik bant aralığına sahip olmasından dolayı, titanyum dioksit sadece güneş 
ışığının %3’ünü oluşturan UV ışığını soğurabilmektedir. Bu malzemenin güneş 
ışığını kullanabilmesi, çevre arıtımı için gereken işletim maliyetini oldukça 
düşürecektir. Bu yüzden, titanyum dioksiti güneş spektrumunun büyük bir parçasını 
kullanabilmesi için görünür ışık aktif malzemelere dönüştürmek önemli bir hedef 
haline gelmiştir. 
Bu çalışmada, görünür ışık ile aktifleşen titanyum dioksit tozlarının 
hazırlanması amacıyla çeşitli ametal bileşiklerinin titanyum dioksit sol-jel sentez 
protokolüne eklenmesi incelenmiştir. Bu çalışma bir ön çalışma olup, hedeflerinden 
en önemlisi, daha önce çalışılan UV aktif titanyum dioksit tozları ile birleştirilerek; 
özel tasarım bir hava arıtım teknolojisi için, UV ve VIS aktif ikili (eşlenik) 
sistemlerde kullanılmasıdır. Bu sebeple,  mevcut çalışmada iki temel fotokatalizör 
ailesi sentezlenerek, yapısal ve fotokatalitik performans özellikleri incelenmiştir. 
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İlk grup numuneler, titanyumun ametal bileşikleri olan TiC, TiN ve TiS2’ün  
sol-jel yöntemine eklenmesi ile hazırlanmıştır. Katkı atomun titanyuma olan mol 
oranı 0.1:1 olarak belirlenmiş ve sentezlenen tozlar XRD, Raman spektroskopisi, 
BET ve UV-VIS DR spektroskopisi ile karakterize edilmiş ve kalsinasyon sıcaklığı, 
yüzey alanı ve elektronik bant aralığının fotokatalitik aktiviteye olan etkisi 
araştırılmıştır. Sol-jel yöntemine ek olarak, sol-jel yönteminde katkı olarak kullanılan 
TiC, TiN ve TiS2 tozların, ayrıca havaya açık fırında tavlanmasıyla, kısmi olarak 
yükseltgenmiş fotokatalitik malzemeler de elde edilmiştir. 
İkinci olarak, farklı bir sol-jel yöntemiyle, borik asit, dietanolamin, 
trietilamin, tiyoüre, üre ve siklohekzanol gibi ucuz ametal bileşikleri ile 
katkılandırılmış titanyum dioksit türleri sentezlenmiştir. Hesaplama kolaylığından 
ötürü eklenen katkı bileşiğinin titanyum dioksite olan mol oranı, 0.5:1 olarak 
belirlenmiştir. Aynı karakterizasyon metodları, aynı parametrelerin fotokatalitik 
aktiviteye olan etkisini incelemek amacıyla kullanılmıştır.  
Fotokatalitik aktivite ölçümleri, tasarımı ve kurulumu mevcut çalışma 
çerevesinde gerçekleştirilen, görünür ışık aydınlatmalı, özel-tasarım fotokatalitik 
reaksiyon hücrelerinde, sıvı fazda organik bir kirletici olan Rhodamine B boyasının 
bozunması kullanılarak yapılmıştır.  Bütün malzemelerin fotokatalitik performanslar, 
ticari Degussa P25 referans katalizör ile karşılaştırılmıştır. Fotokatalitik performans 
testleri, katkılandırılmış titanyum dioksit malzemelerinin, saf titanyum dioksit 
malzemesinden daha iyi görünür ışık aktivitesine sahip olduğunu göstermiştir. 
Ayrıca, bazı malzemelerin performansının Degussa P25’den bile daha iyi olduğu 
görülmüştür. Karakterizasyon yöntemleri anataz fazından rutil fazına geçişte katkı 
atomlarından dolayı bir gecikme olduğunu göstermiştir. Buna ek olarak, elektronik 
bant aralığı değerinin küçük olmasının, görünür ışık aktivitesi için önemli olsa da, 
bunun bir zorunluluk olmadığı; fotokatalitik aktiviteyi etkileyen başka bir çok önemli 
parametrenin (parçacık boyutu, yüzey alanı, kristalinite, aktif fasetler, oksijen 
boşlukları vb.) de varlığı saptanmıştır.  
 
Anahtar Kelimeler: TiO2, Heterojen Kütle Katkılandırması, Sol-Jel, Ametal 
Bileşikler, Görünür Işık, Fotokatalitik Oksidasyon 
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1. INTRODUCTION 
1.1  Historical Overview of TiO2 
 
TiO2 has been used as a white pigment from ancient times, and thus its safety 
for both humans and the environment is guaranteed by history [1]. In 1938, Goodeve 
et al. reported that active oxygen species produced on the TiO2 surface can bleach 
dyes under UV light irradiation [2].  In 1956, Kato and Mashio were the first ones 
that used the terminology “photocatalyst” for TiO2 [3]. At the time of “oil crisis”, 
Fujishima and Honda published an article in Nature [4] that drew attention of many 
people to TiO2. They demonstrated the powerful semiconductor capabilities of TiO2 
in the splitting of water in a photoelectrochemical cell for hydrogen production from 
water. This revolutionary work ignited researchers to demonstrate titanium dioxide’s 
unique properties in many areas. After Fujishima and Honda, in 1977 Frank and Bard 
showed CN
- 
reduction in water, followed by Ollis, who used TiO2 for the 
mineralization of organic pollutants in 1983 [5]–[8]. However, TiO2 gained its 
worldwide fame after 1990’s at which Gratzel published a paper on dye sensitized 
solar cells [9]. Then the novel concept of light-cleaning materials coated with a TiO2 
film photocatalyst under UV light was investigated [10].The application areas of 
TiO2 has been shown in Figure 1 [11]. 
In the last decade, many different TiO2 materials have been prepared and 
main challenges such as broad absorption capability and reduced recombination 
probability have been identified [12]–[21]. Yet, main problem still remains as these 
materials utilize only UV light for photocatalysis.  Several strategies have been 
performed to optimize photocatalytic materials for visible light absorption such as 
crystal growth and shape control, surface sensitization or modification, 
heterostructuring, and metal/non-metal doping [22]–[32]. Doping with non-metal 
anions or non-metal molecules can strongly enhance the absorption of a 
photocatalyst by influencing the electronic structure of TiO2, however, many 
problematic issues exist as will be discussed in following chapters. 
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Figure 1. Various applications of photo-activated titania photocatalysis in 
environment and energy fields. 
 
1.2  Physical Properties of TiO2 
Titanium was discovered in by Reverend William Gregor in England, in 1791 
but it was Heinrich Klaporth, a German chemist, who coined the name after Titans in 
Greek Mythology when it was rediscovered in rutile ore several years later. The 
primary source and the most stable form of titanium dioxide is rutile ore.  Its name is 
derived from the Latin rutilus, red, because of the deep color observed in some 
specimens when the transmitted light is viewed [33].  Rutile is one of three main 
polymorphs of titanium dioxide, the other polymorphs being; anatase and brookite 
[34], [35]. While brookite was named after an English mineralogist, H. J. Brooke, 
anatase was named from the Greek word “anatasis”, meaning extension, due to its 
longer vertical axis compared to that of rutile.  
In all three polymorphs, Ti
4+ 
ions are coordinated to six O
2- 
atoms, resulting 
TiO6 octahedra, and only the arrangement of octahedral changes giving different 
polymorphs  [33]–[36].  Titanium dioxide is typically an n-type semiconductor due 
to oxygen deficiencies [37] that has a band gap of 3.2 eV for anatase [38]–[40], 3.0 
eV for rutile [41]–[43], and ~3.2 eV for brookite [44]–[46].  Titanium dioxide (TiO2) 
is the most widely investigated photocatalyst due to its strong oxidative properties, 
low cost, non-toxicity, chemical and thermal stability [47]–[49].   
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1.2.1 Anatase to Rutile Phase Transformation 
Being a metastable phase, anatase is more commonly seen for particles 
synthesized at room temperature and rutile is mostly observed at higher temperatures 
[50].  Phase transformation temperature between these two phases is used for the 
estimation of the energy barrier for the corresponding structural transformation [51]. 
Phase transformation temperature is dependent on the particle size and the reason can 
be explained associated with the defect density which is relevant to particle size [52].  
The anatase to rutile transformation is not instantaneous; it is time-dependent 
because two Ti-O bonds break in the anatase structure, allowing rearrangement of the 
Ti-O octahedra, forming a dense rutile phase [53]–[55]. It is often overlooked that all 
titania is contaminated with some levels of impurities. The presence of unintentional 
impurities or intentional dopants has a strong effect on the kinetics of the anatase to 
rutile transition [56]. Either intentional or unintentional, “dopant” atoms can have the 
effect of hindering or enhancing the transition to rutile. If the solubility limit for 
impurities or dopants is exceeded, then their precipitation can facilitate the phase 
transformation through heterogeneous nucleation [57], [58].  As a matter of fact, the 
phase transformation is also dependent on oxygen vacancies since they destabilize 
the lattice, promoting the transformation. In the case of nitrogen, a different 
mechanism operates. Nitrogen has a comparable size with oxygen, therefore O 
replacement with N does not create a vacany. As a result, nitrogen addition may have 
a limited lattice desatabilization effect, and may act as an inhibitor for phase 
transition. Controversely, it has been also reported that nitrogen doping increases the 
level of oxygen vacancies [59], [60] promoting the anatase to rutile transormation.  
Carbon is a very strong reducing agent and, during calcination, it would be 
likely to enhance the transformation to rutile through the formation of oxygen 
vacancies [61]. Boron and sulfur on the other hand, are known as inhibitors for the 
anatase to rutile transformation [61]–[63]. 
 
 
 
4 
 
 
1.3  Mechanistic Aspects of Photocatalysis on TiO2 
 
1.3.1 Electronic Processes 
In photocatalysis, light impinging on a catalytic surface is used to drive 
chemical reactions [64], [65]. In other words, it can be considered as a photon-
assisted generation of catalytically active species. 
 
Figure 2. Schematic of photocatalytic mechanism. Reprinted from ref. 66  Copyright 
2012 with permission from Elsevier [66]. 
 
In photocatalysis, light with an energy greater than the band gap of the 
semiconductor, excites an electron from the valence band to the conduction band 
(Figure 2). the band gap of anatase is 3.2 eV, therefore UV light (< 390 nm) is 
required to initiate the photocatalytic process. Light (< 390 nm) excites an electron 
(e
-
CB) to the conduction band generating a positive hole (h
+
VB) in the valence band. 
Charge carriers can be trapped as Ti
3+
 and O
-
 defect sites in the TiO2 lattice, or they 
can recombine, dissipating energy [67].  
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Alternatively the charge carriers can migrate to the catalyst surface and 
initiate redox reactions on the adsorbates [68]. Positive holes generated by light 
become trapped by surface adsorbed H2O. The H2O gets oxidized by h
+
 VB producing 
H
+
 and OH• radicals, which are extremely powerful oxidants. The hydroxyl radicals 
subsequently oxidize organic species from the surrounding environment to CO2 and 
H2O and in most cases these are the most important radicals formed in TiO2 
photocatalysis [69].  
Electrons in the conduction band can be rapidly trapped by molecular oxygen 
adsorbed on the particle. Trapped molecular oxygen will be reduced by excited 
electrons to form superoxide (O2
-•) radicals that may further react with H+, to 
generate peroxide radicals (•OOH) and H2O2 [70], [71]. Equations 1.1 – 1.8 given 
below summarize these chemical reactions. 
 
       
 
             1.1  
       
 
           
    1.2 
     
 
      
       1.3 
                        1.4 
  
                1.5 
                          1.6 
  
                       1.7 
                        1.8 
 
1.3.2 Electron-Hole Recombination 
Recombination of electron-hole pairs on the photocatalyst surface  is a major 
limitation in semiconductor photocatalysis [72]. The photocatalytic efficiency can be 
significantly enhanced if recombination is reduced. Doping with ions [73]–[75], 
heterojunction coupling [76]–[78] and nanosized crystals [79], [80] have all been 
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reported to promote separation of the electron-hole pair, reducing recombination and 
therefore improving the photocatalytic activity of the semiconductor material. 
Recombination competes strongly with the photocatalytic process. It may occur on 
the surface or in the bulk and is generally enhanced by impurities, defects, or other 
factors introducing bulk or surface imperfections [81]. 
1.3.3 Effect of Physical Properties 
The photocatalytic efficiency of a TiO2 photocatalyst depends not only on the 
electronic properties but also physical/structural properties of the materials. The 
availability of active sites on the material surface also plays a major role in the ability 
of the photocatalytic material to degrade organic contaminants [33]. Therefore, 
properties such as crystal size and structure, pore size/volume, density of surface OH 
groups, surface charge, number and nature of trap sites and absorption/desorption 
characteristics all contribute as important factors in the photocatalytic activity of 
TiO2 [82]. Large surface area will result in an increase in the number of active sites 
available for photocatalytic degradation reactions. A delicate balance between 
surface area and recombination must be achieved in order to produce an effective 
photocatalyst. Smaller crystal size will result in a larger surface area but a spectral 
blue shift can be observed for crystal sizes below 10 nm. This is believed to be the 
result of the quantum size effect. The quantum size effect may produce a blueshift in 
the absorbance band edge as a consequence of exciton confinement with decreasing 
particle size [83]. Recombination is also promoted with larger surface areas. This is 
usually because  a larger surface area leads to an increased number of crystal defects. 
The surface defects will act as recombination centres for the photoinduced 
electron/hole pair [33]. Surface hydroxyl groups  which participate in the 
photocatalytic process in a number of ways, also affect the photocatalytic efficiency 
of the materials.  They trap photoexcited electrons and produce OH• radicals and they 
can also act as active absorption sites for pollutants [33]. Calcination of TiO2 at a 
high-temperature will also result in the removal of surface hydroxyl groups. Because 
rutile is produced from the high temperature calcination of anatase, rutile possesses 
fewer surface hydroxyl groups decreasing the photocatalytic activity. 
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1.4  Non-metal Doping of TiO2 Photocatalysts   
TiO2 has been proved to be photocatalytically active under UV irradiation but 
it can only harvest a minor portion of the solar energy that actually reaches the Earth 
surface [84], [85]. Therefore, increasing the activity of titania for visible light 
through introduction of impurity atoms is a major research focus.  
Over the last several years, it has been demonstrated that TiO2 doped with 
non-metal elements such as carbon (C) [86]–[90], nitrogen (N) [30], [91]–[101], 
sulfur (S) [102]–[106], or boron (B) [62], [107]–[112] shows a positive response in 
the visible-light region and a higher photocatalytic activity. Although nature and 
effectiveness of doping titanium dioxide with these non-metal elements are still 
under debate, increasing number of studies in the field has been made in each year 
(Figure 3). 
There are three major points to be considered regarding the influence of non-
metal atom doping on the TiO2 structure [113]: 
(1) Band gap narrowing 
(2) Impurity energy levels 
(3) Oxygen vacancies 
 
These effects will be discussed in the next sections in detail. 
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Figure 3. Rising interest in the photocatalysis field of non-metal doped titania 
materials. Source: ISI Web of Knowledge, 14/07/14. Search terms: (a) "Nitrogen  
Doping TiO2" (b) "Carbon Doping TiO2" (c) "Boron Doping TiO2" (d) "Sulfur 
Doping TiO2". 
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Figure 4. Various schemes illustrating the possible changes that might occur in the 
electronic structure of anatase TiO2 upon doping with various nonmetals: (a) band 
gap of pristine TiO2; (b) doped TiO2 with localized dopant levels near the VB and the 
CB; (c) band gap narrowing resulting from broadening of the VB; (d) localized 
dopant levels and electronic transitions to the CB; and (e) electronic transitions from 
localized levels near the VB to their corresponding excited states for Ti
3+
 and F
+
 
centers. Reprinted with permission from ref. 113. Copyright 2006 American 
Chemical Society. [114]. 
 
 
1.4.1 Nitrogen Doped TiO2 
Nitrogen doped titania is by far the most intensively studied system among 
the other non-metallic doped materials.  N atoms can be easily introduced to titania 
lattice due to their comparable atomic size to oxygen, small ionization energy and 
high stability. Asahi  et al. [30] found that mixing of 2p states of N with 2p states of 
O results in the formation of a new valence band with a shifted valence band edge 
towards higher energies, narrowing down the band gap of titania (Figure 4d). Shortly 
after this study, Ihara et al. [60] reported that visible light activity of nitrogen doped 
titania does not originate from nitrogen states but from oxygen defect sites in grain 
boundaries generated upon nitrogen doping. As it was calculated later, nitrogen 
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doping decreases the formation energy of oxygen vacancies from 4.2 to 0.6 eV [115]. 
Currently, there appears to be some agreement on the mechanism of nitrogen doped 
visible light absorption explained by Irie and Nakamura [100], [116]. They explained 
that TiO2 oxygen lattice sites substituted by nitrogen atoms form an occupied midgap 
(N-2p) level above the (O-2p) valence band. Irradiation with UV light excites 
electrons in both the valence band and the narrow (N-2p) band, but irradiating with 
visible light only excites electrons in the narrow (N-2p) band. A broad spectral band 
seen around 410 <  < 535 nm (3.02-2.32 eV) has been attributed to a set of states 
centered at ~2.9 eV below the lower edge of the conduction band [99] that probably 
involves color centers (F) associated with oxygen vacancies created during the 
doping of TiO2 (Figure 4e). 
 
1.4.2 Carbon Doped TiO2  
The effective mechanism of how carbon dopant enhances the photoactivity 
remains not fully understood. The fact that so called “carbon doped titania” materials 
can be synthesized via very different routes has caused conflicting findings in the 
literature and raised controversy. The role of carbon has not been agreed on although 
it is widely accepted that carbon doping leads to a red-shift in the activation energy.  
The state of carbon dopant in the titania lattice is found to be either in the 
form of a substitutional anion with -4 oxidation state [90], [117]–[120],  or an 
interstital cation with +4 oxidation state [87], [121]–[124] or sometimes in the form 
of both [125]. Mechanism of photocatalytic enhancement is associated to different 
factors such as the existence of Ti-C, O-Ti-C, C-O or C-C bonds, and/or oxygen 
vacancy mid-gap states [124]. On the other hand, Serpone et al.  argued that oxygen 
vacancies giving rise color centers that display visible light activity are the real 
reason;  not the narrowing of the intrinsic band gap of titania [114]. 
Di Valentin et al. [126] suggested that when oxygen concentration is low, 
carbon substitutes oxygen, creating oxygen vacancies; whereas when oxygen 
concentration is high, interstital carbon and/or substitution of titanium is favored.  
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1.4.3 Boron Doped TiO2 
Boron doping was first reported by Zhao et al. in 2004 [127]. They prepared 
boron doped titania via sol-gel route using boric acid as dopant, and the results show 
a decreased band gap value of 2.93 eV and high photocatalytic activity.  Finazzi et al. 
[128] reported that boron can be incorporated as substitutional boron replacing 
oxygen, giving rise to mid gap states or as interstitial boron. Boron as interstitial 
impurity behaves as three electron donor with formation of B
3+
, although Finazzi et 
al. suggested that substitutional boron is less stable than interstitial boron.  
In addition to improvement of photoactivity for boron doped titania systems, 
controversial effects were also reported. Chen et al. [62] observed a band gap 
increase upon B doping and they have attributed it to quantum size effects, while 
Zhao et al. [127] detected a red shift in the absorption spectrum.  Notably, it has been 
reported that only oxygen substitution will lead to band gap narrowing, while the 
interstitial occupancies will produce blue shift.  
Geng et al. [129] reported a boron doped anatase titania that is much more 
efficient and stable than pure titania. Also, Xu et al. [130] suggested that boron atoms 
could retard the grain growth, hinder anatase to rutile formation, therefore achieving 
higher surface area and photocatalytic activity compared to pure titania and Degussa 
P25.  In fact, at high boron concentration, the boron atoms are expelled from titania 
structure during calcination and form diboron trioxide (sassolite) nanoclusters that 
retard the crystal growth, stabilizing the anatase form [62]. 
 
1.4.4 Sulfur Doped TiO2 
Successful incorporation of sulfur into the titania lattice is far more diffucult 
compared to other discussed non-metals because of its larger ionic radius. Sulfur 
doping was first performed by Umebayashi et al. [102], by oxidation of TiS2 powder 
in air.  By ab initio band calculations, it was reported that mixing of S 3p states with 
O 2p states in the valence band leads to band gap narrowing (Figure 4c). Ohno et al. 
[131] reported an easy synthesis method with thiourea and it has shown a significant 
shift to visible range and a high photocatalytic activity in the liquid phase.  
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1.4.5  “To dope or not to dope” 
“To dope or not to dope.”- This point was raised by Kamat et al. in 2011 
[132], yet no conclusive answer has been found yet. There are many advantageous 
properties of doping, briefly discussed above for some non-metal dopants but also 
there are many disadvantages as well. Firstly, introduced dopants can act as 
recombination centers. Depending on the location of the dopant, diffusing charge 
carriers can recombine at dopant sites.  Secondly, the discrete interstitial states or 
novel conduction band and/or valence band edges can reduce the reduction or 
oxidation potential of the modified semiconductor, resulting in decreased activity. 
Furthermore, homogeneous doping must be achieved to have a shift of the absorption 
edge.  
One of the methods to reduce recombination rate is to produce a 
heterojunction. This is the case for Degussa P25 commercial photocatalyst, where a 
combination of anatase (80%) and rutile (20%) results in increased photocatalytic 
activity.  Due to a lower conduction band potential than that of anatase, rutile phase 
acts as an electron sink for photogenerated electrons from the conduction band of the 
anatase phase. This intimate contact between these two phases was considered one of 
the reasons why P25 has high photocatalytic activity under UV and/or VIS 
irradiation [133].   
1.5  Aim of the Current Study 
 
In this work, a variety of non-metal atoms were added to the titanium dioxide 
sol-gel synthesis protocol for the purpose of preparing visible-active titanium dioxide 
powders. This study is a preliminary work to obtain a simple sol-gel synthesis route 
for the preparation of visible-active titanium dioxide which can be combined with 
previously studied UV-active titanium dioxide based catalytic systems that have been 
designed in our research group to create tandem systems that will harvest both visible 
and UV light for air purification.  
 
 
13 
 
2. EXPERIMENTAL 
2.1  Sample preparation 
1.5.1 Preparation of TiN, TiC and TiS2 Doped Titania 
 
For the synthesis of sol-gel TiO2 doped with the non-metal compounds of 
titanium (TiN, TiC, TiS2), the following protocol was followed. 14.8 ml of 
titanium(IV) isopropoxide (97 %, Sigma Aldrich) was mixed with 30 ml propan-2-ol 
(99.5 +%, Sigma Aldrich) for 30 min. TiN (<3 μm, Sigma Aldrich), TiC (<4 μm, 
≥99% (Ti), Sigma Aldrich) and TiS2 (-200 mesh, 99.9%, Sigma Aldrich) were added 
and mixed for another 30 min to prepare N doped, C doped and S doped TiO2, 
respectively. The mol ratio of the dopant non-metal to titanium metal was kept at 
0.1:1. The precipitation of the corresponding hydroxide was accomplished after the 
gradual addition of 45 ml water to the solution. The resulting gray slurry was aged 
under ambient conditions for 2-3 days and then further dried at 110
o
C for 3h. The 
dried sample was ground to fine powder with a glass mortar. For further analysis of 
the obtained TiO2, various annealing steps ranging from 500 to 800
o
C (1 h in air for 
each temperature) were performed. To compare the effect of the doping, pure TiO2 
was also prepared following the same procedure above, except the addition of non-
metal compounds. The compositions and calcination temperatures of these materials 
are listed in Table 1 [134].  
Table 1. Compositions and calcination temperatures of the synthesized pure and 
TiN, TiC and TiS2 doped samples. 
 
 
Calcination 
Temperature 
Dopant: TiN 
Sample Name 
Dopant: TiC 
Sample Name 
Dopant: TiS2 
Sample Name 
TiO2 Sample 
Name 
500 oC N/TiO2-500 C/TiO2-500 S/TiO2-500 TiO2-500 
600 oC N/TiO2-600 C/TiO2-600 S/TiO2-600 TiO2-600 
700 oC N/TiO2-700 C/TiO2-700 S/TiO2-700 TiO2-700 
800 oC N/TiO2-800 C/TiO2-800 S/TiO2-800 TiO2-800 
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1.5.2 Partial Oxidation of TiN, TiC and TiS2 by Annealing 
To prepare partially oxidized TiN, TiC and TiS2, 3.0 g of the powders was 
calcined in the furnace which was open to the atmosphere for 1 hour.  The 
temperature was ramped up and cooled down at a rate of 10
 o
C /min during the 
heating and cooling processes. The compositions and calcination temperatures of 
these materials are listed in Table 2. 
Table 2. Calcination temperatures of the partially oxidized TiN, TiC and TiS2 
samples. 
 
 
 
 
 
 
 
1.5.3 Preparation of Non-Metal Compound Doped Titania 
For the synthesis of the non-metal doped sol-gel TiO2, the following protocol 
was followed. 14.8 ml of titanium(IV) isopropoxide (97 %, Sigma Aldrich) was 
mixed with 50 ml propan-2-ol (99.5 +%, Sigma Aldrich) and 1.6 ml acetylacetone 
(99.3 %, Fluka) for 30 min. This clear yellow solution was vigorously stirred at room 
temperature. Non-metal compounds were added in the solution for another 30 min of 
stirring. The mol ratio of non-metal compound to TiO2 was kept at 0.5:1. Here, six 
different non-metal compounds were chosen for this purpose. These compounds 
were; 
• Thiourea (Th)  (ACS reagent, ≥99.0%, Sigma Aldrich) 
• Urea (U) (ACS reagent, reag. Ph. Eur., ≥99.5%, Sigma Aldrich) 
• Boric Acid (B) (ACS reagent, ≥99.5%, Sigma Aldrich) 
• Diethanolamine (DEA) (ACS reagent, ≥99.0% (GC), Sigma Aldrich) 
Calcination 
Temperature 
TiN Sample 
Name 
 TiC Sample 
Name 
 TiS2 Sample 
Name 
500 oC TiN-500 TiC-500 TiS2-500 
600 oC TiN-600 TiC-600 TiS2-600 
700 oC TiN-700 TiC-700 TiS2-700 
800 oC TiN-800 TiC-800 TiS2-800 
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• Triethylamine (TEA) (≥99%, Sigma Aldrich) 
• Cyclohexanol (Cyc) (ReagentPlus®, 99%, Sigma Aldrich) 
The precipitation of the corresponding hydroxide was accomplished after the 
gradual addition of 6 ml of 0.5 M HNO3 to the solution, which consecutively led to 
the formation of gel. The resulting yellow slurry was aged under ambient conditions 
for 3 days and then further dried at 60
o
C for 48h. The dried sample was ground to 
fine powder with a glass mortar. For further analysis of the obtained TiO2, various 
annealing steps ranging from 150 to 700
o
C (2 h in air for each temperature) were 
performed. To compare the effect of the doping, pure TiO2 (denoted as PTiO2) was 
also prepared following the same procedure above, except the addition of non-metal 
compounds. The compositions and calcination temperatures of these materials are 
listed in Table 3. 
Table 3. Calcination temperatures of the synthesized pure and thiourea, boric acid, 
cyclohexanol, urea, diethanolamine, triethylamine doped samples. 
 
 
 
 
 
 
 
Calcination 
Temperature TiO2 Sample Name 
150 oC Thio-150 B-150 Cyc-150 U-150 DEA-150 TEA-150 PTiO2-150 
350 oC Thio-350 B-350 Cyc -350 U-350 DEA -350 TEA -350 PTiO2-350 
500 oC Thio-500 B-500 Cyc -500 U-500 DEA -500 TEA -500 PTiO2-500 
600 oC Thio-600 B-600 Cyc -600 U-600 DEA -600 TEA -600 PTiO2-600 
700 oC Thio-700 B-700 Cyc -700 U-700 DEA -700 TEA -700 PTiO2-700 
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2.2 Experimental set-up  
1.5.4 Photocatalytic Batch Reactor Set-Up for Liquid Phase 
 
Figure 5. Photocatalytic Batch Reactor system designed for liquid phase degradation 
experiments. 
 
Figure 6. Representative picture of a liquid phase degradation experiment, inset: cell 
view. 
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 The custom-designed batch photocatalytic reactor system is assembled with 
the aim of measuring the photocatalytic degradation Rhodamine B dye (≥95% 
(HPLC), Sigma Aldrich) performances of candidate photocatalysts under visible 
light exposure. The suspension was continuously stirred with Jeio Tech multiple 
position magnetic  stirrer (MS-52M) at 500 rpm. As the visible light source, Osram 
35W high intensity discharge lamp (metal halide lamp with ceramic burner, HCI-TC 
35W/942 NDL PB) with UV-filter technology was chosen because of the similarity 
of its spectrum to the solar irradiation. Although having UV-filter, the lamp had 13 
W/m
2 
irradiance readout by UVA probe (LP471 UVA, DeltaOhm) in 315-400 nm 
range, therefore a commercial transparent UV protective film (LLumar window film 
UV CL SR PS (clear)) that is 99,9% blocking UV was covered around the vial to 
remove undesired wavelengths. After that, the lamp had 0,013 W/m
2 
irradiance in 
315-400nm. The visible photon flux of the lamps was measured as 2000 mol/m2s 
with a LP471 PAR visible probe (400nm-700nm). On the top, 4x4 cm fans were 
placed to prevent heating by continuous flow of air. In addition to fans, vials had lids 
to prevent evaporation and change in concentration. 
1.5.5 VIS Lamp 
The photoreactors were illuminated with 35W high intensity discharge lamp 
which is metal halide lamp with ceramic burner including UV-filter technology 
(Osram, HCI-TC 35W/942 NDL PB). Correlated color temperature was 4200K. In 
Figure 7, emission spectra of the lamp with and without UV blocking film taken with 
USB2000+ Miniature Fiber Optic Spectrometer are given. 
The photon power density of the VIS-lamp is measured by a photo-
radiometer (HD2302.0, DeltaOhm/Italy) with a UVA probe in W/m
2
 (LP471 UVA, 
DeltaOhm) and VIS probe in mol/m2s (LP471 PAR, DeltaOhm). 
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Figure 7. Emission spectra of the light source with and without UV blocking film 
(Courtesy of Coşkun Kocabaş, Bilkent University, Physics Department) 
 
2.3 Experimental Protocols 
 
2.3.1 Photocatalytic Degradation of Rhodamine B Dye Under 
Visible Illumination 
 
Photocatalytic studies were carried out on selected powders. The 
photocatalytic activity of the materials was investigated by degrading an organic 
pollutant. Rhodamine B is one of the widely used organic pollutants for degradation 
studies. The standard protocol in our laboratory is as follows; in a typical experiment, 
sample (50 mg) was added to 30 mL of deionized water and this suspension was 
sonicated for 20 min. After sonication, 10 mL of 40 mg/L Rh B dye stock solution 
was added to have a dye concentration of 10 mg/L (20.876 M).  3 mL aliquot was 
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then removed to provide initial concentration value. The suspension was allowed to 
stir in the dark for 60 min to obtain adsorption-desorption equilibrium, eliminating 
any error caused by initial adsorption. The suspension (under continuous stirring, 500 
rpm) was then irradiated by 35 W metal halide lamp (2000mol/m2s in 400-700nm 
range). Aliquots (3 mL) were removed at timed intervals, centrifuged at 6000 rpm for 
30 min, and the visible absorption spectra were recorded using a Cary 300 UV–Vis 
spectrometer. The absorption of Rh B was measured at 553 nm and the concentration 
was calculated by using calibration curves. Blank experiments with the VIS-lamp 
and without catalysts under the same conditions were also performed to measure the 
photolysis of the dye.  
Although the designed system for photocatalytic activity tests has 10 different 
reaction cells, only 4 of them, namely B1, B2, C2 and D2 are decided to be used due 
to their comparable reaction conditions. 
In the case of the photocatalytic oxidation of an unimolecular reactant on 
TiO2, the rate of degradation, r, could be expressed by unimolecular type Langmuir–
Hinshelwood (L–H) model [135]: 
   
  
  
 
   
    
     2.1 
where k is the reaction rate constant, C is the dye concentration (Rhodamine B), K is 
the adsorption equilibrium constant. When the dye concentration is very small, this 
equation becomes: 
   
  
  
              2.2 
 where kK = kapp and therefore the rate of degradation obeys (pseudo) first order 
kinetics for most of the samples. Hence the rate constant for degradation, k, was 
obtained from the first-order plot of kinetic analysis according to equation 2.3: 
  
 
  
         2.3 
where, C0 is the initial concentration, C is the concentration after a time (t) of the Rh 
B dye degradation, and k is the pseudo first order rate constant (min
-1
). The rate 
constant, k can be derived from a plot of ln(C/C0) versus time. 
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2.3.2 XRD & BET 
X-ray diffraction is a non-destructive technique that reveals the crystal 
structure of the material under analysis. XRD was used to determine the crystalline 
phase of all synthesized materials. Fine powdered samples were spread onto a glass 
holder and X-ray diffractograms were collected using a Rigaku diffractometer, 
equipped with a Miniflex goniometer and an X-ray source with CuKα radiation, at λ 
= 1.54 Å, 30 kV and 15 mA with a diffraction angle range 2 = 10–80° with a scan 
rate of 1.4
o
min
−1
. The mass fraction of rutile (XR) and anatase (XA) was determined 
by the Spurr equation [136] 
Anatase (%) = [ / ( + 1.26 IR)] x 100 
Rutile (%) = [1.26 IR / ( + 1.26 IR)] x 100 
where  is the intensity of the (101) peak and IR is the intensity of the (110) peak. 
Surface area measurements of the samples (which were initially dehydrated at 
573 K for 2 hr in vacuum) were determined by N2 adsorption at 77 K via 
conventional BET (Brunauer, Emmett, and Teller) method by using a BET surface 
area analyzer (Micromeritics TriStar Surface Area and Porosity Analyzer).  
2.3.3 Raman Spectroscopy 
Raman spectra were recorded on a HORIBA Jobin Yvon LabRam HR 800 
instrument, equipped with a confocal Raman BX41 microscope, spectrograph with 
an 800 mm focal length and a nitrogen cooled CCD detector. The Raman 
spectrometer was equipped with a Nd:YAG laser (λ = 532.1 nm). During the Raman 
experiments, the laser power was tuned to 20 mW, measured at the sample position, 
in order to minimize the sample heating effects. The incident light source was 
dispersed by holographic grating with a 600 grooves/mm and focused onto the 
sample by using a 50X objective. The confocal hole and the slit entrance were set at 
1100 μm and 200 μm, respectively. The spectrometer was regularly calibrated by 
adjusting the zero-order position of the grating and comparing the measured Si 
Raman band frequency with the typical reference value of 520.7 cm
-1
. The powder 
samples were mechanically dispersed onto a single-crystal Si holder for the Raman 
measurements and all Raman spectra were acquired within 100-4000 cm
-1
 with an 
acquisition time of 100 s and a spectral resolution of 4 cm
-1
.  
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1.5.6 UV-VIS Absorption Spectroscopy 
A Cary 300 UV–Vis spectrometer was used to record absorption spectra of 
the organic dye Rhodamine B for photo-degradation studies. Spectra were recorded 
in the region 400 – 700 nm with a scan rate of 600 nm/min. The absorption at 
maximum wavelength (max) Rh B (553 nm) was used to calculate degradation rates 
as a function of irradiation time. 
 
1.5.7 UV-VIS DR (Diffuse Reflectance) Spectroscopy 
Diffuse reflectance spectra were recorded using Shimadzu UV-3600 UV-
VIS-NIR spectrophotometer equipped with ISR-3100 UV-VIS-NIR integrating 
sphere attachment. Barium sulfate (Wako Pure Chemical Indutries, Ltd.) was used as 
the reference material. The range of 220-1000 nm was scanned with 0.2 nm sampling 
interval, 20 nm slit width and medium scan speed. For the diffuse reflectance 
measurements, samples were powdered in an agate mortar and pressed into 2 mm 
deep custom made powder sample holders by using a glass rod. The acquired diffuse 
reflectance spectra were converted to Kubelka-Munk function data using the 
UVProbe 2.33 software. The Kubelka-Munk function, F(R), allows the optical 
absorbance of a sample to be approximated from its reflectance [137]: 
 ( )  
(   ) 
  
 
The calculation of direct and indirect band gaps was done according to Tauc 
expression [138]: 
(   )   (     ) 
where h: Planck's constant, : frequency of vibration, : absorption coefficient, Eg: 
band gap, A: proportional constant, n=1/2 for indirect allowed transition n=2 for 
direct allowed transition. For a semiconductor sample this allows the construction of 
a Tauc Plot. When the reflectance spectra are transformed into Kubelka-Munk 
functions, absorption coefficient becomes proportional to Kubelka-Munk function 
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F(R). Extrapolation of the linear portion of the plot [F(R)h]n vs hgives band gap 
energy for indirect or direct transitions.  
 
3. RESULTS AND DISCUSSION 
 
3.1  Structural Characterization of the Samples 
The crytalline structures of the materials have been examined with XRD, 
Raman and UV-VIS Diffuse Reflectance spectroscopy techniques while specific 
surface areas of chosen samples have been determined with BET method. The 
anatase to rutile transition characteristics of doped samples have been compared with 
that of undoped (pure) TiO2 prepared by the corresponding synthesis protocol.  
3.1.1 TiN, TiC and TiS2 Doped Titania 
3.1.1.1 XRD Experiments 
Figure 8a illustrates the thermal behavior of pure TiO2 synthesized and 
calcined in air between 500-800
o
C for 1 h. It is shown that crystalline titania begins 
to form at 500
o
C with anatase diffraction pattern (JCPDS 21-1272). However, when 
the sample is calcined at 600
o
C, minor diffraction lines coming from the (110) and 
(101) planes of the rutile phase (JCPDS 04-0551) can be seen at 27,44
o
 and 36,08
o
 
2respectively. At 700oC, the rutile lines in the XRD pattern become much more 
apparent. Finally, when the TiO2 is heated up to 800
o
C, the crystal structure becomes 
fully rutile (with some extent of anatase diffraction).  
Figure 8b illustrates the thermal behavior of TiN doped TiO2 (denoted as 
N/TiO2) synthesized and calcined in air between 500-800
o
C for 1 h. It is shown that 
anatase titania begins to form at 500
o
C with some unreacted cubic TiN present in the 
diffraction pattern (JCPDS 21-1272, JCPDS 87-0633). However, when the sample is 
calcined at 600
o
C, cubic TiN major peaks at 36,74
 o
 and 42,66
 o 
start to disappear and  
minor diffraction lines coming from the (110) and (101) planes of the rutile phase 
(JCPDS 04-0551) starts to form at 27,46
o
 and 36,12
o
 2respectively. At 700oC, the 
rutile lines in the XRD pattern become much more apparent. Finally, when the TiO2 
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is heated up to 800
o
C, the crystal structure becomes fully rutile (with some extent of 
anatase diffraction).  
Figure 8c illustrates the thermal behavior of TiC doped TiO2 (denoted as 
C/TiO2) synthesized and calcined in air between 500-800
o
C for 1 h. It is shown that 
anatase titania begins to form at 500
o
C with some unreacted cubic TiC present in the 
diffraction pattern (JCPDS 21-1272, JCPDS 65-8417). However, when the sample is 
calcined at 600
o
C, cubic TiC major peaks at 35,92
 o
, 41,72
 o 
and 60,46
 o 
start to 
disappear and  minor diffraction line coming from the (110) planes of the rutile phase 
(JCPDS 04-0551) starts to form at 27,44
oAt 700oC, the rutile lines in the XRD 
pattern become much more apparent. Finally, when the TiO2 is heated up to 800
o
C, 
the crystal structure becomes fully rutile.  
Figure 8d illustrates the thermal behavior of TiS2 doped TiO2 (denoted as 
S/TiO2) synthesized and calcined in air between 500-800
o
C for 1 h. It is shown that 
anatase titania begins to form at 500
o
C with no unreacted hcp TiS2 seen in the 
diffraction pattern (JCPDS 21-1272, JCPDS 15-0853). Sample preserves its anatase 
phase at even high calcination temperatures up to 800
 o
C. At 800
o
C, the rutile lines in 
the XRD pattern become dominant but still sample has a higher anatase mass fraction 
compared to other doped and pure materials calcined at 800
 o
C. Table 4 summarizes 
all the calculated mass fraction of anatase and rutile phases for these samples.  
By comparing the characteristics of these three particular families of doped titanium 
dioxides and of pure titania, it can be suggested that nucleation of TiO2 crystals is 
hindered due to impurities. It can also be argued that phase transformation from 
anatase to rutile shifts to a higher calcination temperature.  Sanz et al. reported that 
the formation of Ti-O-Ti bonds between amorphous and anatase phase destabilizes 
anatase crystals and as a result, anatase phase transforms into rutile phase [139]. 
Periyat et al. has investigated the anatase to rutile phase transformation of sulfur 
doped samples prepared by a sol-gel method and observed that samples preserved 
their anatase forms even at high calcination temperatures, similar to our case [140]. 
In addition, it has been observed that while nitrogen incorporation has almost no 
effect on anatase to rutile transformation, carbon and especially sulfur inhibits this 
transformation. Also, by looking at (101) plane diffraction line seen at 225.3o, it 
can be said that peak is broadened, implying the presence of smaller crystallite size 
for carbon and sulfur doped samples calcined at 500
 o
C. 
24 
 
 
Figure 8. XRD patterns of (a) pure TiO2 (b) TiN doped TiO2 (N/TiO2) (c) TiC doped 
TiO2 (C/TiO2) (d) TiS2 doped TiO2 (S/TiO2) before (as is powders for dopants) and 
after calcination in air between 500 to 800
 o
C. 
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Table 4. Calculated mass fraction percentages of anatase (A%) and rutile (R%) 
phases for pure, N/TiO2, C/TiO2 and S/TiO2 
 
3.1.1.1 Raman Analysis 
Raman spectrum of anatase phase shows six Raman peaks (1A1g, 2B1g, and 
3Eg) at 144 (Eg), 197 (Eg), 399 (B1g), 516 (A1g + B1g), 639 (Eg) and 796 cm
-1
 (Eg) 
[141]. On the other hand, the rutile phase can be characterized by a Raman spectrum 
with four Raman active modes (A1g + B1g + B2g + Eg) at 143 (B1g), 447 (Eg), 612 
(A1g), 826 cm
-1
 (B2g) and also a two-phonon scattering band at 236 cm
-1
 [142].  
Figure 9 represents the Raman data for the thermally treated pure TiO2 and 
doped TiO2. In Figure 9a, the evolution of TiO2 crystalline phases in pure titania can 
be observed upon calcination between 500-800
o
C for 1h. Here, the Raman spectra 
are in accordance with the XRD data, showing fully crystalline anatase signals even 
at 500
o
C. At 600
o
C, in addition to anatase phase, a weak Raman signal for rutile 
phase is observed at 447 cm
-1
. Around 700
o
C, rutile formation is clearly observed 
with the Raman signals at 447 and 612 cm
-1
 and at 800
o
C, the crystalline phase 
becomes almost completely rutile with a minor contribution from anatase. 
In panels (b), (c) and (d) of Figure 9, the thermal transformations of N/TiO2, 
C/TiO2 and S/TiO2 are illustrated. In general, current Raman spectra of the materials 
are consistent with the XRD data. However, the Raman measurements are more 
Sample 
 
TiO2 N/TiO2 C/TiO2 
S/TiO2 
T/ 
o
C A % R % A % R % A % R % A % R % 
500 
100 - 100 - 100 - 100 - 
600 
68,22 31,78 59,69 40,31 90,48 9,52 100 - 
700 
15,03 84,97 18,69 81,31 15,39 84,61 100 - 
800 
3,62 96,38 3,15 96,85 - 100 23,05 76,95 
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sensitive in monitoring the surface crystallization fraction compared to XRD data. 
For instance, in pure TiO2 and N/TiO2 at 800
o
C, the Raman spectrum shows a 
significant proof of anatase phase while in XRD, the mass fraction of the anatase 
phases is calculated to be around 3,5%. 
3.1.1.1 BET Analysis 
BET surface areas of the thermally treated pure titania and N/TiO2, C/TiO2, 
S/TiO2 were analyzed and the results are given in Table 5. TiC and TiS2 addition 
increased the specific surface area compared to unmodified titania while TiN 
addition had a smaller SSA.  Secondly, with increasing calcination temperatures, the 
SBET values decrease monotonically, showing that the samples are strongly affected 
by the thermal treatment. The reduction of the surface areas can be explained as a 
result of sintering and/or phase transformations. All samples starts displaying anatase 
diffraction lines in XRD at around 500
o
C. However, by looking at the broadening of 
the peaks, it can be said that particles sizes of C/TiO2 and S/TiO2 are smaller than 
pure titania. High surface area is lost for S/TiO2 at 600
o
C, whereas C/TiO2 still has a 
relatively high specific surface area at 600
o
C. Note that the specific surface area of 
Degussa P25 at room temperature is around 55 m
2
/g [143]. 
 
Table 5. BET Specific surface areas (in m
2
/g) of the pure, N/TiO2, C/TiO2 and 
S/TiO2 samples calcined within 500-800
o
C. 
Sample  
T/ 
o
C 
TiO2 N/TiO2 C/TiO2 
 
S/TiO2 
500 96.79 71.49 109.46 115.32 
600 17.44 14.88 55.92 2.53 
700 9.97 9.43 6.87 - 
800 - 6.82 - - 
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Figure 9. Raman spectra of (a) pure TiO2 (b) TiN doped TiO2 (N/TiO2) (c) TiC 
doped TiO2 (C/TiO2) (d) TiS2 doped TiO2 (S/TiO2) after calcination in air between 
450 to 800 
o
C. 
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3.1.1.1 UV-VIS Diffuse Reflectance Experiments 
In order to estimate the electronic band gap energies, UV-VIS Diffuse 
Reflectance Spectroscopy was employed. Figure 10 shows Kubelka-Munk 
transformed spectra of pure and doped TiO2. In Figure 10 (a) and (b), it can be seen 
that unmodified TiO2 and N doped TiO2 samples have increasing visible light 
absorption with increasing calcination temperature. However in panel (c), C doped 
samples calcined at 500
 o
C and 600
 o
C show no change in absorption spectra. Only at 
700
o
C and 800
o
C, the samples show a considerable shift to the visible region due to 
rutile phase formation. In panel (d), S doped TiO2 samples can be seen. While there 
is not much change with increasing calcination temperature, a major shift to the 
visible region has been observed for samples calcined at 800
 o
C but this shift is not 
related with the rutile formation. 
The calculations of direct and indirect band gaps of the samples were done by 
constructing Tauc plots. Figure 11 shows the Tauc plots of pure, N, C and S doped 
TiO2 upon calcination between 500-800
o
C for 1h for direct band gap calculations. In 
Figure 11a, extrapolation of the linear portion of the plot gives direct band gaps 
values of 3.61, 3.49, 3.3 and 3.23 eV for the TiO2-500, TiO2-600, TiO2-700 and 
TiO2-800 respectively.  In Figure 11b, direct band gap values of N doped TiO2 
samples are found to be 3.6, 3.51, 3.28 and 3.2 eV, decreasing with increasing 
calcination temperatures. In Figure 11c, direct band gap values of C doped TiO2 
samples are found to be 3.65, 3.62, 3.28 and 3.17 eV, decreasing with increasing 
calcination temperatures. In Figure 11d, direct band gap values of S doped TiO2 
samples are found to be 3.62, 3.57, 3.5 and 3.29 eV, decreasing with increasing 
calcination temperatures. It is not uncommon to observe such high direct band gap 
values for sol gel synthesized TiO2. Valencia et al. [144] shows that sol gel 
synthesized TiO2 has unexpectedly high calculated direct band gap values.  
Figure 12 shows the Tauc plots of pure, N, C and S doped TiO2 upon 
calcination between 500-800
o
C for 1h for indirect band gap calculations. In Figure 
12a, extrapolation of the linear portion of the plot gives indirect band gaps values of 
3.28, 3.19, 3.02 and 3.02 eV for the TiO2-500, TiO2-600, TiO2-700 and TiO2-800 
respectively.  In Figure 12b, indirect band gap values of N doped TiO2 samples are 
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found to be 3.30, 3.13, 3.02 and 3.02 eV, for the N-500, N-600, N-700 and N-800 
respectively. In Figure 12c, direct band gap values of C doped TiO2 samples are 
found to be 3.30, 3.25, 3.02 and 3.02 eV, for the C-500, C-600, C-700 and C-800 
respectively. In Figure 11d, direct band gap values of S doped TiO2 samples are 
found to be 3.30, 3.27, 3.26 and 3.02 eV, decreasing with increasing calcination 
temperatures. TiO2 is widely considered as indirect band gap material  [75], [145], 
[146].  
Figure 13 summarizes the direct and indirect band gap values for samples 
discussed above. 
3.1.1 Partial Oxidation of TiN, TiC and TiS2 by Annealing 
3.1.1.1 XRD Experiments 
Figure 14a illustrates the thermal behavior of TiN powder calcined in air 
between 500-800
o
C for 1 h. It is shown that crystalline titania begins to form at 
500
o
C with rutile diffraction pattern (JCPDS 04-0551), in addition to a small fraction 
of anatase (JCPDS 21-1272) and a large amount of unreacted TiN (JCPDS 87-0633). 
When the sample is calcined at 600
o
C, almost all TiN is oxidized to rutile TiO2. At 
700
o
C, the rutile lines in the XRD pattern become much more apparent. Finally, 
when the TiO2 is heated up to 800
o
C, the crystal structure becomes fully rutile. Iwase 
et al. observed a similar path for the annealing of TiN powder except the fully rutile 
structure was not achieved at temperatures higher than 700
 o
C [134]. 
In Figure 14b, the thermal behavior of TiC powder calcined in air between 
500-800
o
C for 1 h is shown. Similar to TiN oxidation, rutile TiO2 formation begins at 
500
o
C in addition to an almost nonexistent anatase and a large amount of unreacted 
TiC (JCPDS 65-8417). At 600
o
C, approximately half of the TiC is oxidized to rutile 
TiO2. It is observed that TiC is much harder to be oxidized TiN. At 700
o
C, all TiC is 
oxidized to the rutile phase. Finally, when the TiO2 is heated up to 800
o
C, rutile lines 
in the XRD pattern become much more intense. 
In Figure 14c, the thermal behavior of TiS2 powder calcined in air between 
500-800
o
C for 1 h is shown. Unlike TiN and TiC, at 500
o
C it is oxidized completely 
to anatase TiO2 (JCPDS 21-1272). Sample keeps the anatase form up until 800
 o
C 
where a small amount of rutile phase begins to appear. Umebayashi et al. has also 
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observed a complete oxidation of TiS2 powder and persistency of the anatase 
structure at high temperatures [102]. 
 
Figure 10. Kubelka-Munk transformed UV-VIS Diffuse Reflectance Spectra of (a) 
pure TiO2 (b) TiN doped TiO2 (N/TiO2) (c) TiC doped TiO2 (C/TiO2) (d) TiS2 doped 
TiO2 (S/TiO2) after calcination in air between 500 to 800 
o
C. 
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Figure 11. Tauc plots of (a) pure TiO2 (b) TiN doped TiO2 (N/TiO2) (c) TiC doped 
TiO2 (C/TiO2) (d) TiS2 doped TiO2 (S/TiO2) after calcination in air between 500 to 
800 
o
C for the direct band gap calculations.  
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Figure 12. Tauc plots of (a) pure TiO2 (b) TiN doped TiO2 (N/TiO2) (c) TiC doped 
TiO2 (C/TiO2) (d) TiS2 doped TiO2 (S/TiO2) after calcination in air between 500 to 
800 
o
C for the indirect band gap calculations. 
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Figure 13. Calculated direct and indirect band gap values of pure TiO2, TiN doped 
TiO2 (N/TiO2), TiC doped TiO2 (C/TiO2), TiS2 doped TiO2 (S/TiO2) after calcination 
in air between 500 to 800 
o
C. 
3.1.1.1 Raman Analysis 
Figure 15 represents the Raman data for the thermally treated TiN, TiC and 
TiS2. In panel (a), the evolution of TiO2 crystalline phases in oxidized TiN can be 
observed upon calcination between 500-800
o
C for 1h. Here, the Raman spectra are in 
accordance with the XRD data, showing crystalline anatase and rutile signals even at 
500
o
C. At 600
o
C and 700
o
C, rutile formation is clearly observed with the Raman 
signals at 447 and 612 cm
-1
 and at 800
o
C, the crystalline phase becomes completely 
rutile. 
In panels (b) and (c) of Figure 15, the thermal transformations of TiC and 
TiS2 are illustrated. In general, current Raman spectra of the materials are consistent 
with the XRD data. However, the Raman measurements are more sensitive in 
monitoring the surface crystallization fraction compared to XRD data in the case for 
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TiN and TiC. For instance, in TiN and TiC calcined at 800
o
C, the Raman spectrum 
shows a significant proof of anatase phase while in XRD, diffraction lines of anatase 
phase are considerably low. 
 
Figure 14. XRD patterns of (a) TiN, (b) TiC, (c) TiS2 powders before (as is) and 
after calcination in air between 500 to 800
 o
C. 
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Figure 15. Raman spectra of (a) TiN (b) TiC (c) TiS2 doped TiO2 powders before (as 
is) and after calcination in air between 500 to 800
 o
C. 
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3.1.1.1 BET Analysis 
Specific surface areas of TiN-500, TiC-500 and TiS2-500 are found to be 6, 
4.9 and 32.4 m
2
/g respectively. Low SSAs for TiN and TiC powders annealed at 
500
o
C  accounted for high rutile mass fraction. At 500
 o
C, TiS2 is completely 
oxidized to TiO2 with anatase form, therefore higher surface area than the other 
samples are expected. 
3.1.1.1 UV-VIS Diffuse Reflectance Experiments 
In order to estimate the band gap distance, UV-VIS DRS was employed. 
Figure 16 shows Kubelka-Munk transformed spectra of the thermally treated TiN, 
TiC and TiS2. In panel (a) and (b) of Figure 16, it can be seen that thermally treated 
TiN and TiC samples don’t show any change in visible light absorption with respect 
to calcination temperatures. However in Figure 16c, TiS2 sample calcined at 800
 o
C 
shows red shift due to rutile formation in the spectrum.  
The calculations of direct and indirect band gaps of the samples were done 
constructing Tauc plots. Figure 17 shows the Tauc plots of the thermally treated TiN, 
TiC and TiS2 upon calcination between 500-800
o
C for 1h for direct band gap 
calculations. Extrapolation of the linear portion of the plot gives direct band gaps 
values of 3.11, 3.14, 3.13 and 3.11 eV for the TiN-500, TiN-600, TiN-700 and TiN-
800 respectively in Figure 17a.  In Figure 17b, direct band gap values of TiC samples 
are found to be 3.13, 3.11, 3.11 and 3.10 eV, decreasing with increasing calcination 
temperatures. In Figure 17c, direct band gap values of TiS2 samples are found to be 
3.23, 3.36, 3.37 and 3.34 eV for the TiS2-500, TiS2-600, TiS2-700, and TiS2-800 
respectively.  
Figure 18 shows the Tauc plots of the thermally treated TiN, TiC and TiS2 
upon calcination between 500-800
o
C for 1h for indirect band gap calculations.  
Extrapolation of the linear portion of the plot gives indirect band gaps values of 3.05, 
3.03, 3.04 and 2.99 eV for the TiN-500, TiN-600, TiN-700 and TiN-800 
respectively, as shown in Figure 18a. Indirect band gap values of TiC samples are 
found to be 3.06, 3.04, 3.00 and 2.98 eV, for the TiC-500, TiC-600, TiC-700 and 
TiC-800 respectively, as it can be seen in Figure 18b. In Figure 18c, indirect band 
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gap values of TiS2samples are found to be 3.36, 3.19, 3.20 and 3.01 eV, for the TiS2-
500, TiS2-600, TiS2-700, and TiS2-800 respectively.  
Figure 19 summarizes the direct and indirect band gap values for samples 
discussed above. 
3.1.1 Non-Metal Compound Doped Titania 
 
3.1.1.1 XRD Experiments 
Figure 20 illustrates the thermal behavior of pure TiO2 calcined in air 
between 150-700
o
C for 2 h. It is shown that crystalline titania begins to form very 
early at 350
o
C with anatase diffraction pattern. At 500
o
C, the anatase lines in the 
XRD pattern become much more apparent. When the sample is calcined at 600
o
C, 
rutile begins to form. Finally, when the TiO2 is heated up to 700
o
C, the crystal 
structure becomes fully rutile.  
In Figure 20 panel (b), the thermal behavior of boric acid added TiO2 calcined 
in air between 150-700
o
C for 2 h is shown. Unlike pure TiO2, it is amorphous at 
350
o
C. At 500
o
C, the anatase formation starts to occur but it is observable that 
average size of the anatase particles is very small by looking at the peak width. In 
addition to anatase structure, there is a little amount of boric acid (Sassolite mineral, 
JCPDS 30-0199) seen at 27,94
o
.  Surprisingly, even at high calcination temperatures, 
material keeps its anatase form and no sign of rutile is observed. 
In Figure 20 panel (c), the thermal behavior of diethanolamine (DEA) added 
TiO2 calcined in air between 150-700
o
C for 2 h is shown. Similar to boron added 
TiO2, material is amorphous at 350
o
C. At 500
o
C, the anatase formation starts to 
occur as well as the rutile formation. When the sample is calcined at 600
o
C, the 
crystal structure becomes fully rutile and at 700
o
C, rutile lines in the diffraction 
pattern become more intense. 
In Figure 20 panel (d), the thermal behavior of triethylamine (TEA) added 
TiO2 calcined in air between 150-700
o
C for 2 h is shown. Similar to boron and DEA 
added TiO2, material is amorphous at 350
o
C. At 500
o
C, the crystal structure is 
anatase but also a very little rutile peak is observed at 27
o
. When the sample is 
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calcined at 600
o
C, the crystal structure becomes almost completely rutile with some 
anatase pattern and at 700
o
C, rutile lines in the diffraction pattern become much 
more intense. 
 
Figure 16. Kubelka-Munk transformed UV-VIS Diffuse Reflectance Spectra of (a) 
TiN (b) TiC (c) TiS2 powders after calcination in air between 500 to 800 
o
C. 
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Figure 17. Tauc plots of (a) TiN (b) TiC (c) TiS2 powders after calcination in air 
between 500 to 800 
o
C for the direct band gap calculations. 
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Figure 18. Tauc plots of (a) TiN (b) TiC (c) TiS2 powders after calcination in air 
between 500 to 800 
o
C for the indirect band gap calculations. 
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Figure 19. Calculated direct and indirect band gap values of TiN, TiC and TiS2 
powders after calcination in air between 500 to 800 
o
C. 
Figure 21 illustrates the thermal behavior of thiourea added TiO2 calcined in 
air between 150-700
o
C for 2 h. It is shown that crystalline titania begins at 500
o
C 
with anatase diffraction pattern. At 600
o
C, the anatase lines in the XRD pattern 
become much more apparent with no sign of rutile. When the sample is calcined at 
700
o
C, almost half of the anatase crystal structure transforms into rutile.  
In Figure 21 panel (b), the thermal behavior of urea added TiO2 calcined in 
air between 150-700
o
C for 2 h is shown. Similar to thiourea added TiO2, it is 
amorphous at 350
o
C. At 500
o
C, the anatase formation starts to occur. At 600
o
C, the 
anatase lines in the XRD pattern become much more apparent with a little rutile line 
present. When the sample is calcined at 700
o
C, all of the anatase crystal structure 
transforms into rutile.  
In Figure 21 panel (c), the thermal behavior of cyclohexanol added TiO2 
calcined in air between 150-700
o
C for 2 h is shown. At 350
o
C, material looks like 
amorphous but there is subtle formation of anatase crystal structure. At 500
o
C, the 
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anatase formation is visible. At 600
o
C, the anatase lines in the XRD pattern become 
much more apparent with a little rutile line present. When the sample is calcined at 
700
o
C, all of the anatase crystal structure transforms into rutile. 
 
Figure 20. XRD patterns of (a) pure TiO2 (b) B/TiO2 (c) DEA/TiO2 (d) TEA/TiO2 
after calcination in air between 150 to 700
 o
C. 
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For all of the cases above, it can be said that formation temperature of anatase 
crystal structure is shifted to a higher calcination temperature. Also, it is observed 
that boron atoms inhibit the phase transformation from anatase to rutile.  This 
inhibition is also valid for thiourea case. While urea and cyclohexanol addition have 
almost no effect on phase transformation, TEA and DEA additions are observed to 
decrease the calcination temperature for anatase to rutile transformation.   
Table 6 summarizes the anatase and rutile mass percentages of all the samples 
discussed above. 
3.1.1.1  Raman Analysis 
Figure 22 represents the Raman data for the thermally treated pure TiO2, 
boric acid, DEA and TEA added titania. In panel (a), the evolution of TiO2 
crystalline phases in pure TiO2 can be observed upon calcination between 500-700
o
C 
for 2h. Here, the Raman spectra are in accordance with the XRD data, showing 
crystalline anatase at 500
o
C. At 700
o
C, rutile formation is clearly observed with the 
Raman signals at 236, 447 and 612 cm
-1
 and anatase phase is also seen at 144 cm
-1
. 
In panels (b), (c) and (d) of Figure 22, the thermal transformations of boric 
acid, DEA and TEA added titania are illustrated. In general, current Raman spectra 
of the materials are consistent with the XRD data. Although the Raman 
measurements are more sensitive in monitoring the surface crystallization fraction 
compared to XRD data in the case for pure titania, it is not the case for boric acid 
added titania. For instance, in pure titania calcined at 700
o
C, the Raman spectrum 
shows a significant proof of anatase phase while in XRD, diffraction lines of anatase 
phase are considerably low. Boric acid added titania calcined at 500
o
C shows no sign 
of anatase even though XRD tells us there is anatase phase forming up. 
Figure 23 represents the Raman data for the thermally treated thiourea, urea 
and cyclohexanol added titania. In panel (a), the evolution of TiO2 crystalline phases 
in thiourea added TiO2 can be observed upon calcination between 500-700
o
C for 2h. 
Here, the Raman spectra are in good agreement with the XRD data, showing 
crystalline anatase signals at 144, 399, 516 and 639 cm
-1
 calcined at 500
o
C. At 
700
o
C, rutile formation is clearly observed with the Raman signals at 447 and 612 
cm
-1
 in addition to anatase phase. 
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Figure 21. XRD patterns of (a) Thio/TiO2 (b) U/TiO2 (c) Cyc/TiO2 after calcination 
in air between 150 to 700
 o
C. 
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Table 6. Calculated mass fraction percentages of anatase (A%) and rutile (R%) 
phases for pure TiO2, B/TiO2, DEA/TiO2, TEA/TiO2, Thio/TiO2, U/TiO2, Cyc/TiO2 
 
Sample 
PTiO2 B-TiO2 DEA-TiO2 TEA-TiO2 Thio- TiO2 U- TiO2 Cyc- TiO2 
 
T/ 
o
C A % R % A % R % A % R % A % R % A % R % A % R % A % R % 
350 100 - - - - - - - - - - - - - 
500 
100 - 100 - 50,8
3 
49,1
7 
100 - 100 - 100 - 100 - 
600 
83,72 16,2
8 
100 - - 100 14,3
6 
85,6
4 
100 - 76,0
2 
23,9
8 
88,4
2 
11,5
8 
700 - 100 100 - - 100 - 100 53,6 46,4 - 100 - 100 
 
In panels (b) and (c) of Figure 23, the thermal transformations of urea and 
cyclohexanol added titania are illustrated. In general, current Raman spectra of the 
materials are consistent with the XRD data.  
3.1.1.1 BET Analysis 
BET surface areas of the thermally treated pure titania and non metal 
compound doped samples were analyzed and the results are given in Table 7. With 
increasing calcination temperatures, the SBET values decrease monotonically, 
showing that the samples are strongly affected by the thermal treatment. Smaller 
particle size of boric acid addition at 500
 o
C calcination temperature gives rise to 
higher SSA, compared to TEA which is also in anatase form but it has a sharper 
XRD line for anatase.  
Table 7. BET Specific surface areas (in m
2
/g) of the pure, B/TiO2, DEA/TiO2, 
TEA/TiO2, Thio/TiO2, U/TiO2 and Cyc/TiO2 samples calcined within 500-700
o
C. 
Sample 
T/ 
o
C 
 
PTiO2 
 
B-TiO2 
 
DEA-
TiO2 
 
TEA-
TiO2 
 
Thio- 
TiO2 
 
U-
TiO2 
 
Cyc- 
TiO2 
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500 <2* 70 10 17 67 39 35 
600 <2* 43 <2 <2 11 8 3 
700 <2* <2 - - - - - 
*
 Samples were measured twice; the reason could be ineffective degassing process 
 
3.1.1.1 UV-VIS Diffuse Reflectance Experiments 
Figure 24 shows Kubelka-Munk transformed spectra of pure, boric acid, DEA 
and TEA doped TiO2. Samples calcined at 150
o
C (black spectrum) and 350
o
C (red 
spectrum) are shown as inset due to inexplicable nature of them caused by 
amorphous structures and unburnt residual carbon. Pure TiO2 calcined at 700
o
C has a 
red shift towards visible range because of the rutile phase formation, clearly shown 
in Figure 24a. On the other hand,  B-500 sample has a continuous absorption tail to 
the visible range, indicating that this material is definitely doped with boron atoms 
which formed impurity band above the valence band and can be possibly a visible 
light active photocatalyst that can be seen in Figure 24b. Upon calcination at higher 
temperatures however, this tail disappears. In Figure 24c, it can be seen that DEA has 
almost no effect on absorption edges at different temperatures. Rutile phase presence 
at 600
o
C and 700
o
C is understandable from the shift towards higher wavelengths for 
TEA doped samples, shown in Figure 24d. 
Figure 25 shows Kubelka-Munk transformed spectra of thiourea, urea and 
cyclohexanol doped TiO2. In Figure 25a, a red shift due to rutile formation at 700
o
C 
is observed for thiurea doped sample. U-500 sample has a similar tail like B-500, 
also indicating U-500 can be a candidate visible light active photocatalyst, that can 
be seen in Figure 25b. Cyc-500, shown in Figure 25c, also has a visible light tail that 
disappears with increasing calcination temperature. 
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Figure 22. Raman spectra of (a) pure TiO2 (b) B/TiO2 (c) DEA/TiO2 (d) TEA/TiO2 
after calcination in air between 500 to 700
 o
C. 
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Figure 23. Raman spectra of (a) Thio/TiO2 (b) U/TiO2 (c) Cyc/TiO2 after calcination 
in air between 500 to 700
 o
C. 
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The calculations of direct and indirect band gaps of the samples were done 
constructing Tauc plots. Figure 26 shows the Tauc plots of the thermally treated 
pure, boric acid, DEA and TEA doped TiO2 upon calcination between 500-700
o
C for 
2h for direct band gap calculations. In Figure 26a, extrapolation of the linear portion 
of the plot gives direct band gaps values of 3.29, 3.25, and 3.08 eV for the PTiO2-
500, PTiO2-600, and PTiO2-700 respectively. Direct band gap values of B- TiO2 
samples are found to be 3.31, 3.32, and 3.37 eV, directly proportional with the 
calcination temperatures, shown in Figure 26b. In Figure 26c, direct band gap values 
of DEA-TiO2 samples are found to be 3.07, 3.05, and 3.07 eV for DEA-500, DEA-
600, DEA-700, respectively. Finally in Figure 26d, direct band gap values of TEA 
doped titania samples are calculated to be 3.21, 3.06 and 3.07 eV for TEA-500, TEA-
600, TEA-700, respectively. 
Figure 27 shows the Tauc plots of the thermally treated thiourea, urea and 
cyclohexanol doped TiO2 upon calcination between 500-700
o
C for 2h for direct band 
gap calculations. Shown in Figure 27a, calculated direct band gaps values are 3.31, 
3.24, and 3.24 eV for the Thio-500, Thio-600, and Thio-700 respectively.  In Figure 
27b, direct band gap values of U-TiO2 samples are found to be 3.26, 3.25, and 3.07 
eV, decreasing with the increasing calcination temperatures. Direct band gap values 
of Cyc-TiO2 samples are found to be 3.20, 3.25, and 3.07 eV for Cyc-500, Cyc-600, 
Cyc-700, respectively, shown in Figure 27c. 
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Figure 24. Kubelka-Munk transformed UV-VIS Diffuse Reflectance Spectra of (a) 
pure TiO2 (b) B/TiO2 (c) DEA/TiO2 (d) TEA/TiO2 after calcination in air between 
150 to 700
 o
C.Insets: Kubelka-Munk transformed UV-VIS Diffuse Reflectance 
Spectra of  the samples calcined at 150
 o
C (lower black spectra) and 350
 o
C (upper 
red spectra) 
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Figure 25. Kubelka-Munk transformed UV-VIS Diffuse Reflectance Spectra of (a) 
Thio/TiO2 (b) U/TiO2 (c) Cyc/TiO2 after calcination in air between 150 to 700
 o
C. 
Insets: Kubelka-Munk transformed UV-VIS Diffuse Reflectance Spectra of  the 
samples calcined at 150
 o
C (lower black spectra) and 350
 o
C (upper red spectra) 
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Figure 26. Tauc plots of (a) pure TiO2 (b) B/TiO2 (c) DEA/TiO2 (d) TEA/TiO2 after 
calcination in air between 500 to 700
 o
C for the direct band gap calculations. 
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Figure 27. Tauc plots of of (a) Thio/TiO2 (b) U/TiO2 (c) Cyc/TiO2 after calcination 
in air between 500 to 700
 o
C for the direct band gap calculations. 
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gap calculations. In Figure 28a, indirect band gap values are calculated to be 3.10, 
3.03, and 2.97 eV for the PTiO2-500, PTiO2-600, and PTiO2-700 respectively.  
Indirect band gap values of B-TiO2 samples are found to be 3.23, 3.14, and 3.17 eV, 
for B-500, B-600, B-700, respectively, shown in Figure 28b. Although the calculated 
indirect band gap value is 3.23 eV for B-500, this sample has low band gap domains 
causing absorption in the visible range. In Figure 28c, indirect band gap values of 
DEA-TiO2 samples are found to be 2.90, 2.88, and 2.91 eV for DEA-500, DEA-600, 
DEA-700, respectively. Ananpattarachai et al. also observed similar low indirect 
band gap values for DEA doped titania prepared via sol-gel route [147]. Finally in 
Figure 28d, indirect band gap values of TEA doped titania samples are calculated to 
be 2.75, 2.85 and 2.90 eV for TEA-500, TEA-600, TEA-700, respectively. Todorova 
et al. reported also low band gap value for TEA doped sol-gel titania and attributed it 
to simultaneous N-,C-doping achieved by the modification. They also found out that 
sample did not exhibit any photocatalytic activity under visible light despite its high 
absorbance in the entire visible part of the spectrum and this finding was ascribed to 
the large amount of residual carbon revealed by XPS analysis [148]. 
Figure 29 shows the Tauc plots of the thermally treated treated thiourea, urea 
and cyclohexanol doped TiO2 upon calcination between 500-700
o
C for 2h for 
indirect band gap calculations. In Figure 29a, extrapolation of the linear portion of 
the plot gives indirect band gaps values of 3.01, 3.00, and 2.92 eV for the Thio-500, 
Thio-600, and Thio-700 respectively.  In Figure 29b, indirect band gap values of U-
TiO2 samples are found to be 3.08, 2.95, and 2.96 eV, for U-500, U-600, U-700, 
respectively. In Figure 29c, indirect band gap values of Cyc-TiO2 samples are found 
to be 3.02, 3.03, and 2.98 eV for Cyc-500, Cyc-600, Cyc-700, respectively.  
Figure 30 summarizes the direct and indirect band gap values for samples 
discussed above. 
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Figure 28. Tauc plots of (a) pure TiO2 (b) B/TiO2 (c) DEA/TiO2 (d) TEA/TiO2 after 
calcination in air between 500 to 700
 o
C for the indirect band gap calculations. 
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Figure 29. Tauc plots of of (a) Thio/TiO2 (b) U/TiO2 (c) Cyc/TiO2 after calcination 
in air between 500 to 700
 o
C for the indirect band gap calculations. 
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Figure 30. Calculated direct and indirect band gap values of pure TiO2, B/TiO2, 
DEA/TiO2, TEA/TiO2, Thio/TiO2, U/TiO2, Cyc/TiO2 after calcination in air between 
500 to 700
 o
C. 
 
3.2  Photocatalytic Activity Measurements 
The photocatalytic activity of the materials was investigated using the 
degradation of an organic pollutant (Rhodamine B) in liquid phase under visible light 
illumination.  
3.2.1 Construction of Calibration Curves 
A calibration curve  was used to determine the concentration of an unknown 
sample solution. The curve was constructed by measuring the concentration and 
absorbance of several prepared solutions, called calibration standards. To be able to 
follow the degradation patterns of photocatalysts, it is crucial to prepare a good 
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calibration curve with different concentrations of Rhodamine B dye. The stock 
solution (40 mg/L) was prepared by dissolving 10 mg of Rhodamine B dye in 250 
mL of deionized water and 22 different concentrations of Rh B solution are prepared. 
In Figure 31a, UV-VIS absorption spectra of different calibration solutions with 
varying concentrations are given. These absorbance values at 553 nm are used to 
construct the calibration curve in Figure 31b, giving a linear plot of absorbance 
versus concentration with  R
2 
= 0,9997. By determining the mathematical form of 
this calibration curve, concentration of a degraded Rh B solution with photocatalyst 
at a specific time is easily calculated.   
 
Figure 31. (a) UV-VIS spectra of Rh B solutions with different concentrations (b) 
calibration curve constructed from part(a) using Beer-Lambert Law. 
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In order to understand the true photocatalytic activity of a photocatalyst in 
liquid phase experiments where a dye is used as an exemplary pollutant, one should 
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Figure 32a shows the UV-VIS spectra of 10 mg/L Rh B degradation in 320 
minutes of visible light illumination in the absence of any photocatalyst. In Figure 
32b, it can be seen that only 22% of the dye is degraded after 320 minutes of 
illumination. This percentage may seem high, but it is observed that the best 
photocatalysts completely degrade the dye in the first 110 minutes at which Rh B 
self-photolysis is only 5%.  Therefore, it is concluded that Rhodamine B dye is 
sufficiently stable in visible range for the catalysts families used in the current work. 
This result is also in agreement with many research groups confirming that 
Rhodamine B dye has a very low self degradation percentage under visible light for 
about 100 minutes of illumination [149], [150]. 
 
Figure 32. (a) UV-VIS spectral changes of 10 mg/L Rh B solution without any 
catalyst under visible light over 320 minutes of illumination (b) C/C0 vs time graph 
of (a) with standard deviation values. 
 Another process that should be considered is photosensitized mechanism of 
the dye. It is well-known that Rhodamine B dye can absorb the visible light in the 
range 460-600 nm, as it is seen in Figure 32a. Namely in that region, Rhodamine B 
absorbs the incident photon flux, then the photogenerated electrons are transferred to 
the excited state of the dye owing to the intramolecular transition. The 
photoelectrons of the excited state are immediately injected into the conduction band 
of the titania forming oxygen radicals that lead to the mineralization of the dye [150]. 
However, photocatalytic degradation process is the predominant process among them 
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as Fu et al. [150] suggests, since photosensitization process can only occur when 
470 nm. In addition, strong adsorption of the dye to the titania surface is desired 
for fast and efficient injection, but in our study, an average of 1% of loss in the 
concentration of Rh B solution in the presence of prepared catalysts after one hour of 
dark mixing was observed.  However, this loss is higher in the case of P25, probably 
implying that photosensitization mechanism may contribute highly to the degradation 
process. 
3.2.3 Control Experiments Using Degussa P25 Commercial 
Benchmark Photocatalyst 
In all of the photocatalytic activity tests, commercially available Degussa P25 
mixed phase titania was utilized as the benchmark (i.e. control experiment). In Figure 
33, UV-VIS absorption spectra of 10 mg/L Rh B degradation with P25 catalyst are 
shown. Early studies on the Rhodamine B photodegradation mechanism showed that 
hypsochromic shift (blue shift; change of spectral band position to a shorter 
wavelength) of the absorbance peak observed during degradation process was caused 
by stepwise de-ethylation of Rhodamine B (Figure 34) [151], [152]. The fully de-
ethylation of Rh B is complete when the major peak is shifted to 504-506 nm [150]. 
The changes of absorbance and the shift of the absorption wavelength during the 
photocatalytic degradation of Rhodamine B under VIS-light illumination can be 
clearly seen in Figure 33, which indicates that the diminution of the absorbance was 
simultaneous with the hypsochromic shift in the maximum absorbance. The 
attenuation of absorbance was mainly related to the destruction of the Rhodamine B 
chromogen. 
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 Figure 33. UV-VIS spectral changes of 10 mg/L Rh B solution in the presence of 
50 mg  Degussa P25 catalyst under visible light. 
Although the designed system for photocatalytic activity tests has 10 different 
reaction cells, only 4 of them, namely B1, B2, C2 and D2 were decided to be used. 
Figure 35a shows the C/C0 vs time graph of Rh B degradation curve in the presence 
of Degussa P25. Initial adsorption of the dye on Degussa P25 photocatalyst surface 
was around 3%. Rhodamine B solution was completely degraded in 110 minutes 
under visible light illumination. Figure 35b shows pseudo first order kinetics of the 
degradation. The determined reaction rate constants (k) were 0.0275, 0.0312, 0.0333 
and 0.0253 min
-1
, respectively, for B1, B2, C2 and D2 cells. These reaction rate 
constants give an average first order rate constant of 0.02765 min
-1
 for the 
degradation of Rh B in the presence of Degussa P25.  
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Figure 34. Structure of Rhodamine B dye. 
 
Figure 35. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg Degussa P25 catalyst under visible light on different reaction cells (b) First-
order reaction rate calculations of part(a).  
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o
C for 1 h.  In 
Figure 35b, pseudo first order rate constants are shown. At 500
o
C, sample shows the 
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, compared to other calcination 
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surface area of the sample which is 97 m
2
/g. As the surface area diminishes to 17 
m
2
/g at 600
o
C, so does the rate constant to 0.0148 min
-1
. TiO2-700 shows the lowest 
rate constant among all. High rutile formation at 800
o
C compensates the low surface 
area in reaction rate constant, therefore the reaction constant that is 0.0144 min
-1 
is as 
high as TiO2-600’s. 
 
 
Figure 36. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg pure titania catalysts synthesized and calcined at 500 to 800
 o
C, under visible 
light. (b) First-order reaction rate constant calculations for the data given in panel (a).  
 
Figure 37a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of N/TiO2 synthesized and calcined in air between 450-800
o
C for 1 h and in 
panel (b) pseudo  first order rate constants are shown. N/TiO2-500 has completely 
degraded Rh B in 110 minutes, c.a. 30 min earlier than the TiO2-500 and with a 
higher rate constant compared to Degussa P25. Although the surface area is 25 m
2
/g 
smaller compared to TiO2-500, N/TiO2-500 showed a high rate constant of 0.0345 
min
-1
, which is related to the effect of N dopant atoms incorporated in titania lattice. 
As the calcination temperature increases, surface area and anatase mass fraction 
decrease, lattice becomes more compact and impurity nitrogen atoms may leave the 
solid, as a result the rate constant diminishes to 0.0121 min
-1
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Figure 37. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg N/TiO2 catalysts synthesized and calcined at 450 to 800
 o
C, under visible 
light. (b) First-order reaction rate constant calculations of part (a). 
 
Figure 38a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of C/TiO2 synthesized and calcined in air between 450-800
o
C for 1 h and in 
panel (b) pseudo  first order rates are shown. Both samples calcined at 450 and 
500
o
C degraded Rh B in 140 minutes, same as the undoped case, but since TiO2-500 
fits better to logarithmic degradation curve compared to TiC doped one, the rate 
constants of C/TiO2-450 and C/TiO2-500 are lower (0,0158 min
-1
) than TiO2-500’s 
(0.0196 min
-1
).  Although C/TiO2-600 clears the dye solution in 200 min, the rate 
constant is the highest among TiC doped samples which is 0.0169 min
-1
. In this case 
it can be said that the highest degradation rate is achieved by the mixture of relatively 
high surface area (56 m
2
/g) and crystal structure having high anatase-low rutile mass 
fractions (90.48% A, 9.52% R). 
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Figure 38. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg C/TiO2 catalysts synthesized and calcined at 450 to 800
 o
C, under visible light. 
(b) First-order reaction rate constant calculations of part(a). 
Figure 39a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of S/TiO2 synthesized and calcined in air between 450-800
o
C for 1 h and in 
panel (b) pseudo  first order rate constants are shown. As for the S doped TiO2, the 
highest rate constant is 0.0144 min
-1
, quite low even compared to the undoped case. 
Even though S/TiO2-500 has the highest surface area among all the doped and 
undoped samples, it is surprising that the sample has a relatively low rate constant of 
0.0103 min
-1
. Therefore it is concluded that sulfur doping may not be efficient for 
this synthesis protocol.  
Figure 40 illustrates the relationship between rate constants and calcination 
temperatures for all the samples discussed above. 
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Figure 39. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg S/TiO2 catalysts synthesized and calcined at 450 to 800
 o
C, under visible light 
(b) First-order reaction rate constant calculations of part(a). 
 
Figure 40. Graph relating calcination temperatures to photocatalytic RhB 
degradation rate constants for pure TiO2, TiN doped TiO2 (N/TiO2), TiC doped TiO2 
(C/TiO2), TiS2 doped TiO2 (S/TiO2) 
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3.1.1 Partial Oxidation of TiN, TiC and TiS2 By Annealing 
Figure 41a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of commercially available TiN powder calcined in air between 350-800
o
C 
for 1 h and in panel (b) pseudo  first order rate constants are shown. Best working 
sample is TiN-600, which is a mixture of rutile TiO2 and unoxidized TiN powder and 
it has a 0,0110 min
-1
 reaction rate constant. As the calcination temperature is 
increased to 700
 o
C, TiN is completely oxidized to rutile TiO2 and the reaction rate 
constant is decreased to 0.0042 min
-1
. 
Figure 42a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of commercially available TiC powder calcined in air between 350-800
o
C 
for 1 h and in panel (b) pseudo  first order rate constants are shown. Best working 
sample is TiC-500, which is a mixture of rutile TiO2 and unoxidized TiC powder and 
it has a 0.0119 min
-1
 reaction rate constant. As the calcination temperature increases, 
TiC is also completely oxidized to rutile TiO2 and the reaction rate constant 
drastically decreases. 
 
 
Figure 41. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg TiN powders calcined at 350 to 800
 o
C, under visible light. (b) First-order 
reaction rate constant calculations of part(a). 
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Figure 42. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg TiC powders calcined at 350 to 800
 o
C, under visible light. (b) First-order 
reaction rate constant calculations of part(a). 
Figure 43a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of commercially available TiS2 powder calcined in air between 350-800
o
C 
for 1 h and in panel (b) pseudo  first order rate constants are shown. Up to 800
 o
C, 
reaction rate constant does not change. Best working sample is TiS2-800 with a 
reaction constant of 0.0134 min
-1
, which is a mixture of anatase and rutile TiO2.  
 
Figure 43. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg TiS2 powders calcined at 350 to 800
 o
C, under visible light. (b) First-order 
reaction rate constant calculations of part(a). 
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In summary, annealed powders are not as good as sol gel prepared doped 
samples in liquid phase degradation of Rh B even though the calculated indirect band 
gaps are closer to the visible range. 
3.1.2 Non-Metal Compound Doped Titania 
Figure 44a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of pure TiO2 synthesized and calcined in air between 150-700
o
C for 2 h and 
in panel (b) pseudo  first order rate constants are shown. At 600
o
C, sample shows the 
lowest degradation rate constant of 0.0034 min
-1
, compared to other calcination 
temperatures. Titania synthesized via this synthesis protocol has a very low surface 
area, therefore the degradation rates are very low for most of the samples.  The best 
working one is PTiO2-350, which is in anatase form. 
 
 
Figure 44. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg PTiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible light. 
(b) First-order reaction rate constant calculations of part(a). 
Figure 45a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of B-TiO2 synthesized and calcined in air between 150-700
o
C for 2 h and in 
panel (b) pseudo  first order rate constants are shown. At 500
o
C, sample shows the 
highest degradation rate constant of 0.0437 min
-1
, compared to other calcination 
temperatures and sample groups. B-TiO2 degrades the dye completely in 80 min, half 
an hour earlier than P25 and with a rate constant almost twice as big as P25. One 
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possible explanation for this high activity can be attributed to the high specific 
surface area (70 m
2
/g) caused by small crystallite size that can be observed in XRD 
pattern. Crystallite growth is hindered due to high level of boron impurity atoms 
confirmed with sassolite peak in XRD pattern. Small crystal size may also affect the 
average indirect band gap calculations, giving a very high indirect band gap for that 
sample due to quantum size effect.   
 
 
Figure 45. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg B/TiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible light 
(b) First-order reaction rate constant calculations of part(a). 
Figure 46a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of DEA-TiO2 synthesized and calcined in air between 150-700
o
C for 2 h 
and in panel (b) pseudo  first order rates are shown. At 500
o
C, sample shows the 
highest degradation rate constant of 0.0162 min
-1
, compared to other calcination 
temperatures. DEA-TiO2 does not seem to enhance the activity as boron addition 
does. 
Figure 47a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of TEA-TiO2 synthesized and calcined in air between 150-700
o
C for 2 h 
and in panel (b) pseudo  first order rate constants are shown. At 500
o
C, sample shows 
the highest degradation rate constant of 0.0237 min
-1
, compared to other calcination 
temperatures. Although it is not as effective as boron addition, TEA addition is 
increased the activity compared to the undoped titania.  
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Figure 46. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg DEA/TiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible 
light. (b) First-order reaction rate constant calculations of part(a). 
 
 
Figure 47. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg TEA/TiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible 
light. (b) First-order reaction rate constant calculations of part(a). 
 
Figure 48a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of Thio-TiO2 synthesized and calcined in air between 150-700
o
C for 2 h and 
in panel (b) pseudo  first order rate constants are shown. At 500
o
C, sample shows the 
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highest degradation rate constant of 0.0245 min
-1
, compared to other calcination 
temperatures. Similar to other dopant compounds, thiourea has increased the activity, 
and it follows the pattern that the best working sample is calcined at 500
 o
C. 
 
 
Figure 48. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg Thio/TiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible 
light (b) First-order reaction rate constant calculations of part(a). 
Figure 49a illustrates the C/C0 vs time graphs of Rh B degradation in the 
presence of U-TiO2 synthesized and calcined in air between 150-700
o
C for 2 h and in 
panel (b) pseudo  first order rate constants are shown. At 600
o
C, sample shows the 
highest degradation rate constant of 0.0173 min
-1
, compared to other calcination 
temperatures. Urea addition does not enhance the activity that much but it still is a 
better titania catalyst compared to the undoped titania prepared with the same 
procedure. 
Lastly, figure 50a illustrates the C/C0 vs time graphs of Rh B degradation in 
the presence of Cyc-TiO2 synthesized and calcined in air between 150-700
o
C for 2 h 
and in panel (b) pseudo  first order rate constants are shown. At 600
o
C, sample shows 
the highest degradation rate of 0.0135 min
-1
, compared to other calcination 
temperatures. Cyclohexanol addition is the worst by far compared to doped titania 
prepared in this group. 
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Figure 49. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg U/TiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible 
light. (b) First-order reaction rate constant calculations of part(a). 
 
 
Figure 50. (a) Photodegradation curves of 10 mg/L Rh B solution in the presence of 
50 mg Cyc/TiO2 catalysts synthesized and calcined at 150 to 700
 o
C, under visible 
light. (b) First-order reaction rate constant calculations of part(a). 
In summary, photocatalytic activity of all of the non-metal compound added 
titania is increased compared to the unmodified sol gel titania due to impurity effect. 
These impurity states acted as trap states for electron and holes, reducing their 
recombination rate and therefore increased the utilization of visible illumination. 
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Although “doping” may not have been effectively taken place, undoubtfully, addition 
of impurity atoms have increased the photocatalytic activity, especially in boric acid 
case.  
Figure 51 illustrates the relationship between rate constants and calcination 
temperatures for the samples discussed in the current section. 
Finally, Figure 52 shows the performances of the best catalysts that have been 
investigated in the current work in comparison to the Degussa P25 commercial 
benchmark catalyst. 
 
 
Figure 51. Graph relating calcination temperatures to rate constants for pure TiO2, 
B/TiO2, DEA/TiO2, TEA/TiO2, Thio/TiO2, U/TiO2, Cyc/TiO2 
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Figure 52. Photodegradation curves of Rh B solution in the presence of the best 
catalytic materials used in the current study as compared to Degussa P25 commercial 
benchmark. 
4. CONCLUSIONS 
 
In this thesis, a variety of non-metal compound addition to sol-gel synthesis 
protocol of titanium dioxide has been investigated for the purpose of preparing 
visible active titanium dioxide powders. This study has been a preliminary work to 
design a simple, sol-gel synthesis route for the preparation of visible active titanium 
dioxide to be used in combination with previously designed UV-active titanium 
dioxide based photocatalytic systems in an attempt to create tandem systems that will 
harvest both visible and UV light for air purification. Consequently, two different 
sets of samples were prepared and investigated: 
A) The first set of samples was prepared by a sol-gel route with the 
addition of non metallic compounds of Titanium which are Titanium 
nitride (TiN), Titanium carbide (TiC) and Titanium Sulfide (TiS2). 
Synthesized materials were calcined in air for 1 hour, at different 
temperatures between 500-800
o
C. Dopant non-metal atom to titanium 
mol ratio was kept at 0.1:1 and the syntesized powders were 
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characterized by XRD, Raman Spectroscopy, BET, UV-VIS DR 
Spectroscopy to investigate the effect of calcination temperature, 
surface area and band gap on photocatalytic activity. Besides sol-gel, 
these commercial powders that were used as dopants, were annealed 
in open air to prepare partially oxidized titanium materials. 
B) Secondly, inexpensive sources of non-metal compounds such as boric 
acid, diethanolamine (DEA), triethylamine (TEA), thiourea, urea and 
cyclohexanol were added in a different sol gel synthesis route. Dopant 
compound to titanium dioxide mol ratio was kept at 0.5:1. 
Synthesized materials were calcined in air for 2 hours, at different 
temperatures between 150-700
o
C. Same characterization methods 
were used to investigate the same parameters on photocatalytic 
activity. 
 
Photocatalytic activity measurements were done in liquid phase for the 
degradation of an organic contaminant, Rhodamine B dye, in a custom-designed 
VIS-illuminated reaction cells in ambient conditions. Photocatalytic performance of  
all samples were compared with that of a commercially available Degussa P25 TiO2 
benchmark catalyst. 
In the light of the structural characterizations of these samples, it can be 
concluded that, addition of impurity atoms shifted the anatase to rutile transformation 
to higher calcination temperatures. Also in the presence of a high concentration of 
boric acid, sassolite presence in the photocatalyst structure has been detected, which 
is known to be a grain growth inhibitor. BET analysis showed that photocatalyticaly 
active materials also typically reveal high surface area values. Indirect band gap 
calculations showed that band gap values are indirectly proportional to the 
calcination temperatures. Active materials were also found to reveal high indirect 
band gap values while materials with low indirect band gap values were found to be 
inactive. It has been shown that visible light activity of the proposed materials 
depends on many parameters such as oxygen vacancies that were introduced during 
doping, particle size and anatase-rutile ratio. 
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Particularly, two promising visible-light active photocatalytic materials, 
namely B-500 and N/TiO2-500 were synthesized, characterized and 
photocatalytically tested. These systems revealed comparable or better photocatalytic 
performance compared to Degussa P25 commercial benchmark in the 
photodegradation of Rh B under Visible illumination. As a future work, the influence 
of the doping amount will be investigated. Furthermore, these promising VIS-active 
photocatalysts obtained in the current combinatorial study will be also tested in the 
photocatalytic gas phase NOx oxidation and storage systems in tandem with the 
previously designed UV-active NOx oxidation and storage photocatalysts. 
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